Introduction {#S1}
============

The autonomic nervous system (ANS) is essential for maintaining physiologic functions involving cardiovascular, respiratory, and gastrointestinal systems, but is also intricately connected to higher brain systems involved in the emotional and psychological aspects of life that make us uniquely human. In the mature brain, the central ANS maintains a background level of functioning with connections to the brains' limbic structures that are involved in mood, memories, and emotional state regulation. Differences in child and adult psychological morbidity and stress resilience may be related to differences in central ANS function.([@R1]--[@R3]) Disturbed integration between central autonomic and limbic systems play a role in the development of childhood neuropsychiatric disorders.([@R1]) In fact, epigenetic factors in the early preconception and intrauterine periods begin to shape the development of the ANS ([Figure 1](#F1){ref-type="fig"}).([@R4])

The developmental basis for inter-individual differences in ANS function relates in part to the prenatal, fetal, and neonatal experience. The ANS undergoes a prolonged period of development and maturation during which it remains vulnerable to developmental disruption from a variety of influences. The early disruption of autonomic development may significantly influence the developmental trajectory of the ANS system, limit its capacity to respond to physiologic changes and to the environment, and has been implicated in later neuropsychiatric disorders.([@R1], [@R4]) In this review, we discuss the epidemiologic links between childhood neuropsychiatric disorders and earlier ANS '*dysmaturation'*. We then describe fetal and postnatal conditions that may disturb early maturation of the central ANS. Finally, we explore potential interventions to support normal or improved development of the central ANS in high-risk infants.

Epidemiology of Neuropsychiatric Disorders in Childhood {#S2}
-------------------------------------------------------

Over the last decade the reported incidence of neuropsychiatric disorders in childhood has increased.([@R5]) Although the reasons for this trend are unclear, it is likely multifactorial and potentially related to factors that alter ANS maturation and limbic system function.([@R4], [@R6]) Many neuropsychiatric disorders have their onset in childhood, including depression, anxiety, behavioral dysfunction, attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder, and others.([@R5]) Depression has an incidence of about five percent in children and adults age 12 years and older.([@R7]) Similarly, ADHD has a prevalence of around 10% (and increasing) during childhood and adolescence,([@R8], [@R9]) and is associated with adverse childhood experiences.([@R10]) In two thirds of children with ADHD, the disorder is compounded by additional mental, emotional, or behavioral disorders.([@R8]) Childhood-onset ADHD can transition to disabling internalizing psychological disorders in adulthood.([@R11])

The risks for the development of neuropsychiatric disorders in childhood are not well understood. The causes of neuropsychiatric disorders include neurobiological, genetic, endocrinological (hypothalamic-pituitary-adrenal axis functioning), and psychosocial factors all with varying contributions. Specific children at increased risk include those with a history of prematurity and other neonatal conditions, such as congenital heart disease, fetal growth restriction, neonatal abstinence syndrome, and maternal stress/neuropsychiatric illness.([@R12]--[@R15]) For example, adults born preterm are at increased risk for mental health disorders including anxiety, depression, and reduced social engagement.([@R11]) Fetal and maternal epigenetic mechanisms likely contribute to the risk for depression, bipolar disorder, and schizophrenia in these early-life conditions.([@R4]) Nutrition may also influence psychiatric disease.([@R16]) In a susceptible individual, the risks may act cumulatively resulting in neuropsychiatric manifestations beyond a given threshold. Under specific circumstances and depending on factors such as epigenetic influences, the phenotype may include neuropsychiatric disorders of varying severity.

The Central ANS and Limbic Connections {#S3}
--------------------------------------

It is the complex interplay between the central ANS (brainstem) and the limbic system which creates a platform on which physical and emotional experiences can shape behavior, emotional, and neuropsychiatric health from the prenatal period into adulthood.([@R2], [@R6], [@R17]) The ANS centers involved in neuropsychiatric health/disease and physiologic body responses are located in the brainstem and limbic system. The central ANS has two major components, the sympathetic nervous system responsible for the well-known "fight-or-flight" response activated from a sense of danger or elevated stress, and the parasympathetic nervous system, involved in vegetative functions, and moderating sympathetic activity. This is a rather simplified view of the competing roles of these systems, as their relationship is considerably complex, with multiple interconnections and modulation by higher cerebral centers, including the limbic system ([Figure 2](#F2){ref-type="fig"}). The complex functions and responsiveness of the ANS is dependent upon multiple levels of interactions between the two branches.([@R18]) The nucleus of the solitary tract and the paraventricular hypothalamic nucleus are principal regulators of sympathetic and parasympathetic ANS activity.([@R18])

The limbic system includes the amygdala, thalamus, fornix, olfactory cortex, hippocampus, hypothalamus, and cingulate gyrus ([Figure 2](#F2){ref-type="fig"}). Early in brain development these structures develop multiple interconnections and connections to the brainstem ANS centers.([@R19]) The higher level diencephalic/forebrain limbic centers connect to the ANS centers of the brainstem to modulate changes in cardiovascular, respiratory, and gastrointestinal system functions. Throughout the lifetime, limbic system connections strengthen or weaken depending upon the environment, stress, and other exposures.([@R20], [@R21]) The early structure/volume of the developing limbic system may be influenced by the "intrauterine milieu", including maternal preconception health and stress hormone levels and during pregnancy.([@R4]) This plasticity is important for the individual, and environmental changes can affect limbic structure and connections even in the mature individual.([@R14])

The amygdala is a limbic center with important functions related to the development of neuropsychiatric disorders. It is important for memory association, survival instincts, and mood and "records" the emotion of a memory to enable the individual to react in a beneficial way in the event of a repeated exposure. The amygdala receives sensory inputs from the thalamus and cerebral cortex. A stressor or memory of a negative event activates connections to brainstem sympathetic centers that increase heart rate, blood pressure, and muscle responsiveness. The parasympathetic centers may dampen the physiologic response, functioning like a "vagal brake".([@R6], [@R17])

The nuclei of the amygdala also make connections to the cerebral cortex, hippocampus, thalamus, and brainstem. The hippocampus is important for memory, mood regulation, and can shut off the stress response when needed. Chronic stress is associated with increased amygdala volume and has been associated with mood disorders and aggression.([@R22]) Conversely, chronic stress is associated with volume reduction in other limbic structures, such as hippocampus and prefrontal cortex.([@R14], [@R21]) Depression is associated with excessive cortisol stimulation of the amygdala with hypothalamic activation and inhibitory effects on hippocampal activity.([@R14]) Abnormalities in amygdala and limbic system function can manifest as anxiety disorders.([@R23])

The Development of the Central ANS from the Fetal Period to Childhood {#S4}
---------------------------------------------------------------------

The ANS matures throughout the fetal period and in infancy.([@R24], [@R25]) The unmyelinated, more primitive, vagal nerve is the first autonomic branch to develop in fetal life, but does not have significant function prior to birth.([@R26]) Next to develop is the sympathetic division of the ANS, which shows steady development throughout the fetal period.([@R27]) During fetal life and in prematurely born newborns, natural variability in sympathetic tone, as opposed to parasympathetic tone, plays an important role in heart rate and blood pressure variability.([@R28]) The parasympathetic division of the ANS, on the other hand, including the myelinated vagus (emanating from the nucleus ambiguus), develops later in the fetal period.([@R26]) The parasympathetic division does not exert much influence prior to 25--30 weeks gestation; the normal steep increase in vagal tone occurs around 37--38 weeks, at a time when premature newborns may already have been in an ex utero environment for some time.([@R27], [@R29]) In such prematurely born infants, this normal third trimester increase in parasympathetic tone may be dampened in the *ex utero* environment, compared to that of the *in-utero* third trimester fetus.([@R30]) Under conditions of fetal stress and hypoxia, the primitive unmyelinated vagal systems contribute to bradycardia since, depending on gestational age, the newer nucleus ambiguus has not yet fully developed to provide a more finely-tuned 'vagal brake'.([@R2], [@R31]) The normal increase in parasympathetic tone is evidenced in the increased high-frequency heart rate variability (HRV, see below) in infants born at term.([@R32]) With increasing postnatal age, and maturation of the ANS, there is progressive parasympathetic influence on resting heart rate.([@R28]) Ex utero third trimester development in the preterm newborn, may lead to altered autonomic development with potential short- and long-term implications for health.([@R33])

Evaluation of the ANS using Heart Rate Variability (HRV) {#S5}
--------------------------------------------------------

Autonomic function can be measured non-invasively from physiologic signals of heart rate, respiratory rate, and blood pressure. HRV, or the fluctuation in the length of time between heart beats (R-R intervals), provides a measure of sympathetic and parasympathetic interplay, and therefore ANS functional maturation.([@R24], [@R34]) High-frequency variability reflects parasympathetic function and is influenced by the respiratory rate, while low-frequency variability is due to a combination of sympathetic and parasympathetic inputs and baroreflex-induced changes in heart rate.([@R35]) Interestingly, there is discussion over the contribution of the sympathetic nervous system to HRV, since administration of atropine blocks almost all HRV.([@R36]) As the ANS matures, there should be increased parasympathetic function and thus greater high-frequency variability.([@R37]) HRV can thus be used as a marker for autonomic function in the newborn and may be associated with neurodevelopmental outcome.([@R38]--[@R40]) The function of the myelinated vagal pathways (high-frequency HRV) is most accurately captured by quantifying respiratory sinus arrhythmia (RSA).([@R2]) RSA is the amplitude of oscillations caused by spontaneous respiration in the beat-to-beat variability of the heart rate.([@R2])

Polyvagal Theory and Impaired Vagal Balance {#S6}
-------------------------------------------

The Polyvagal Theory was first proposed by Porges in 1995 and relates the development of the vagal system to social/emotional development.([@R2], [@R17], [@R26]) The theory focuses on the role of the two main branches of the vagal nerve (cranial nerve X). The older branch arises from the unmyelinated dorsal motor nucleus of the vagus, and the newer branch from the myelinated, nucleus ambiguus ([Figure 2](#F2){ref-type="fig"}). The social responses to our environment are mediated either by vagal input or vagal withdrawal through the components of the limbic system.([@R41]) At six months of age and older, vagal development begins to influence social behavior and mood regulation of behavioral state.([@R2]) The infant develops a 'face-heart' connection or Social Engagement System, whereby he/she engages muscle activity of the face/neck to communicate feelings and behavioral reactions, in concert with brainstem mediated responses in cardiovascular function.([@R2]) These muscles are innervated by special visceral efferent pathways associated with the myelinated vagus and enable the infant to display social cues and build parental/care-giver attachment. It is the step-wise maturation of the both the cerebral cortical structures and of the ANS that enables the development of the individuals' Social Engagement System.

As discussed above, a broad range of neuropsychiatric disorders may be influenced by impairment in vagal balance, with either deficient vagal tone or excessive vagal reactivity.([@R41]) Autonomic imbalance and in particular decreased parasympathetic tone is implicated in anxiety, depression, post-traumatic stress disorder, and schizophrenia.([@R6]) In these conditions, the sympathetic-mediated responses to stressors/fear by the amygdala and pre-frontal cortex may be under-opposed by the parasympathetic system.([@R6]) In ex-prematurely born infants, immaturity of the Social Engagement System from lower vagal activity may cause a lack of proper social cues to trigger normal co-regulation with the parents/care-giver.([@R2])

Under most circumstances, the body seeks to establish homeostasis by maintaining a stable functioning.([@R42]) In a changing environment, the body may need to adapt to have optimal function, a phenomenon known as *allostasis*.([@R42], [@R43]) Allostasis describes the attempt to keep optimal functioning despite differing physiologic and environmental demands.([@R42]) For example, under states of chronic stress, the body may anticipate the changing environment and may enter an allostatic-state in which it maintains a specific level of function.([@R44], [@R45]) There may also be the opportunity for "homeostatic" plasticity, whereby the nervous system maintains the ability to return to a prior state when the environment returns to a more balanced/normal (pre-stressor) state.([@R46])

Prenatal Programming and the Potential for ANS Dysmaturation {#S7}
------------------------------------------------------------

Our understanding of how maternal preconception physical and mental health, genetic influences, and epigenetic factors from the intrauterine environment shape the long-term health through adulthood, is increasing. Even prior to conception, these factors may influence offspring ANS function through prenatal programming.([@R4], [@R47]) Alan Lucas, PhD coined the term 'programming' in 1991 to describe the long term health effects of early nutritional exposures in infants.([@R47], [@R48]) Similarly, 'developmental plasticity' is the means by which early life environmental exposures during critical periods may influence development to the extent that it permanently affects interactions with the environment.([@R47]) Developmental plasticity can also be viewed as the phenomenon whereby one genotype can give rise to more than one phenotype.([@R47]) Neuropsychiatric disorders are heterogeneous and have moderate heritability, so the phenotype is variable and dependent upon many other factors.([@R49])

Since the ANS interacts closely with the limbic system and provides the physiologic output of emotions, happiness, and fear, the ANS is amenable to developmental alterations and prenatal programming. Epigenetic changes are believed to be the basis of the change in programming phenotype. These changes can be due to maternal factors such as nutritional deficiencies (zinc, iron), toxicants (alcohol, environmental pollutants), maternal stress, maternal disease (depression, diabetes, obesity), and placental dysfunction ([Figure 1](#F1){ref-type="fig"}).([@R4]) In a study of maternal depression and its influence on offspring, the cord blood T lymphocytes of newborns whose mothers reported depression had a distinct DNA methylation pattern.([@R50]) These changes in DNA methylation seemed to persist in the adult hippocampus.([@R50]) Fetal and neonatal factors that can also result in epigenetic changes from chronic hypoxemia as may be seen in congenital heart disease and fetal growth restriction, prematurity, medical illness, and nutritional deficiency ([Figure 1](#F1){ref-type="fig"}).([@R4]) ANS tone is also influenced in a top-down manner by the prefrontal cortex and brain-derived neurotrophic factor which is associated with stress resilience.([@R51]) In a population based cohort evaluation of newborn dried blood spots, preterm newborns with higher levels of brain-derived neurotrophic factor showed improved neurodevelopment.([@R52])

Since the ANS matures throughout fetal life and into childhood, and since it maintains complex interactions with the limbic system that are involved in numerous brain-body connections for the developing individual, it has a sustained vulnerability to conditions that can impair its normal development (i.e. developmental programming or plasticity). Premature birth is one such condition which may negatively impact ANS development. In premature birth, the ANS becomes "engaged" with the extrauterine environment in an immature state when parasympathetic tone is typically underdeveloped. Premature engagement of the ANS under conditions of preterm birth can therefore result in *dysmaturation*, or a shift in the temporal program of ANS maturation due to aberrant programming. In autonomic dysmaturation, the normal developmental trajectory of the sympathetic and parasympathetic divisions is altered by abnormal or unexpected exposures/experiences during critical periods in development. ANS dysmaturation can be measured through functional, physiological, and anatomical dimensions by evaluation of psychologic/behavioral/stress responses, effect on heart rate (HR), blood pressure, and respiratory rate, and by alterations in brainstem and brain structure volume, respectively. One example of such autonomic dysmaturation in ex-preterm infants is seen in those developing later apparent life threatening events (ALTE).([@R53]) In a study of premature newborns that developed ALTE after discharge from the neonatal intensive care unit (NICU), there was a paradoxical increase in parasympathetic tone and lower sympathetic tone by HRV analysis in the weeks prior to NICU discharge, likely restricting the ability of these infants to auto-resuscitate by increasing heart rate and blood pressure in response to an ALTE.([@R54]) While immaturity itself is a major contributor to ANS dysmaturation in premature infants, the multitude of 'unnatural' stimuli in the NICU may create a challenging environment for the maturation of the ANS ([Figure 1](#F1){ref-type="fig"}). HRV measures of ANS function may predict neurologic outcome in preterm newborns. In a study of 30 premature newborns, HRV and cardiac vagal tone were positively related to improved neurologic outcomes at three years of age in the areas of mental processing, social skills, motor development, and these children had fewer reports of behavioral problems.([@R55]) Adolescents born preterm show ANS dysfunction compared to adolescents born at term indicating a long-standing difference in vagal tone.([@R56])

While prematurity is a prevalent cause of ANS dysmaturation, it is often comorbid with other maternal, fetal, and neonatal conditions that disrupt normal ANS maturation ([Figure 1](#F1){ref-type="fig"}). One such condition is maternal nutritional deficiency during pregnancy. For example, Zinc has been shown to support normal ANS development, and maternal Zinc deficiency in an animal model is associated with increased anxiety and impaired social behavior in offspring.([@R57], [@R58]) Congenital heart disease and fetal growth restriction are complicated by in utero chronic hypoxemia which can affect ANS maturation as shown by differences in HRV.([@R12], [@R13]) In these conditions, ANS tone is reduced at term compared to non-affected newborns. In fetuses with congenital heart disease, the early difference in ANS tone is associated with 18 month motor and cognitive outcome.([@R59]) Maternal stress also may exert a powerful influence on fetal/neonatal ANS development and its limbic connections.([@R14])

The model of ANS dysmaturation leading to neuropsychiatric disorders is also supported by deficits in ANS regulation in older individuals with neuropsychiatric diagnoses. For example, reduced HRV in adults is a sensitive marker for major depressive disorder.([@R60]) These clinical populations also have low amplitude RSA (or high frequency HRV) and have deficits in the function of the muscles regulated by special visceral efferent pathways, which regulate sucking, swallowing, and vocalizations and in the coordination of these actions with breathing. Consistent with the proposed model and Polyvagal Theory, preterm infants have difficulties in these functional domains, which normally play an important role in the Social Engagement System and influence social behavior.([@R2])

Other Causes of ANS Dysmaturation {#S8}
---------------------------------

In a study of autonomic function in premature newborns, those infants whose mothers smoked during pregnancy showed higher sympathetic function, lower parasympathetic function, and had less cardiac autonomic adaptability compared to control newborns whose mothers did not smoke during pregnancy.([@R61]) Infants exposed to prenatal opiates had *higher* HRV and higher sympathetic and parasympathetic tone compared to control, non-exposed, newborns during feeding,([@R15]) however the duration of this difference in autonomic tone due to prenatal opiate exposure is not entirely known. In another study, children exposed to opiates *in utero* were found to have reduced social maturity at three years of age, compared to non-opiate exposed children.([@R62]) Children born to opiate-addicted mothers also demonstrate increased hyperactivity, aggressiveness, and ADHD at school-age.([@R63]) The ANS and limbic structures are under strong environmental influence, so this difference in social skills is likely related to a combination of environment and ANS dysmaturation. The intrauterine and extrauterine environmental exposures early in life can be the origins of adult diseases that take years to manifest.([@R3])

Maternal and Infant Stress, the ANS, and Neuropsychiatric Outcome {#S9}
-----------------------------------------------------------------

Stress, of varying levels, is a constant part of our environment and impacts fetal brain and ANS maturation. Conditions of stress which cause a disruption of the maternal hypothalamic-pituitary-adrenal-axis may in turn affect the developing fetal hypothalamic-pituitary-adrenal-axis and lead to alterations in pathways important for mood regulation, autonomic nervous system development, growth, metabolism, and cardiovascular function in the infant that may last a lifetime. This 'prenatal stress-immune programming' is found to increase risk for depression and obesity.([@R64]) Not surprisingly, impaired ANS function is implicated in the pathophysiology of obesity and weight reduction may improve autonomic balance.([@R65])

During pregnancy, maternal toxic stress can influence fetal cortisol levels which, may affect the newborn's response to stress after birth, and is associated with gray matter volume changes.([@R66]) Mothers with a history of toxic-stress are at higher risk for spontaneous preterm labor, and have infants of lower birth weight and of lower gestational age compared to pregnant women without a high stress history.([@R66]) Hair cortisol levels in mothers who delivered preterm compared to term, were lower at delivery indicating that reduced hypothalamic-pituitary-adrenal axis activity may itself be associated with premature delivery.([@R67]) In a prospective cohort study of pregnant women, perceived stress at 16 weeks gestation was correlated with hair cortisol level in the second trimester and subsequent premature delivery.([@R68])

The Polyvagal Theory can also be applied in the setting of the NICU for understanding the maternal and infant reactions to stress.([@R26], [@R66]) For both the mother and her newborn, stressors during this period include maternal anxiety, lack of physical closeness, iatrogenic factors, and medical illness. Parents of premature infants report higher levels of depression and social isolation and this stress may negatively affect bonding with their infant,([@R69], [@R70]) but also the infants development of their Social Engagement System.([@R2]) Maternal mood disorders may also result in larger amygdala volume in offspring.([@R14])

Infants requiring care in the NICU can experience stress which may impact ANS development. Infants born very preterm are at risk for impaired brain growth, since the late fetal period is a time of substantial increase in brain volume.([@R71]) They are also vulnerable to brain injury and impaired neurodevelopmental outcomes which may complicate the infant stress response.([@R38]) Stressors in the NICU in very preterm infants may affect DNA methylation (epigenetic regulation) of the serotonin transporter gene (SLC6A4).([@R72]) Higher SLC6A4 methylation was seen at term equivalent age in ex-very preterm infants and this was associated with reduced anterior temporal lobe volume and lower Griffith Mental Development Scales at 12 months corrected age.([@R72]) These findings suggests that early infant stress from preterm birth may contribute to altered programming of socio-emotional development in very preterm infants by mechanisms of epigenetic modification and structural changes in the developing brain.([@R72]) Specialized programs in the NICU to address stress in premature newborns can have lasting effects on cerebral volumes and later childhood stress responses.([@R66])

The early life effects of prematurity on ANS development and long-term neuropsychiatric health can be seen in adulthood. Having a low birth weight increases risk for depression and mood disorders.([@R73]) In a meta-analysis of adults born very preterm, higher levels of internalizing and avoidant personality problems were found, with less externalizing, rule-breaking, antisocial personality problems compared to term-born adults.([@R11]) Adults born preterm are at increased risk for mental health disorders including anxiety, depression, and reduced social engagement.([@R11]) Childhood problems such as attention/ADHD may transition to these other internalizing psychological disorders in adulthood.([@R11])

Nutrition for ANS Development and Neuropsychiatric Outcome {#S10}
----------------------------------------------------------

The period of fetal brain development has not received much attention for clinical interventions to improve brain development beyond routine prenatal care and standard prenatal vitamin supplementation.([@R16]) Data are emerging that indicators of maternal health such as substance abuse and smoking, quality of nutrition and nutritional body stores, and mental health may effect fetal brain development and risk for long-term neuropsychiatric disorders in offspring.

Micronutrients are critical for brain development including that of the autonomic and limbic systems.([@R74]) Some micronutrients have received specific attention and have been studied in regards to maternal levels and associated child outcome. Folic acid is widely known to decrease risk of neural tube defects;([@R75], [@R76]) however taking folic acid prior to 10 weeks of pregnancy may also boost the child's attention, social skills, and behavior at 18 months of age compared to children whose mothers did not take folic acid supplementation prior to 10 weeks gestation.([@R16]) Low maternal folic acid levels are associated with impaired child emotional development.([@R16]) Folic acid supplementation may therefore improve limbic structure function and vagal tone which is important for social and emotional engagement of the child.([@R2]) Zinc has also been found to be important for ANS regulation, hippocampal, and cerebellar development.([@R57]) Phosphatidylcholine may improve child emotional development and attention, through effects on limbic structure and function.([@R16], [@R77]) Schizophrenia risk, which may include autonomic imbalance and lower parasympathetic tone, may be reduced by phosphatidylcholine, although prospective randomized trials are needed.([@R16]) Vitamin A and D supplementation during pregnancy also seem to reduce risk of schizophrenia and have been studied more extensively.([@R78]) Interestingly, fatty acid supplementation shows mixed findings. In a study of pregnant women, fatty acid levels at 36 weeks gestation were positively associated with infant autonomic function at four months of age.([@R79]) Meanwhile, in a 7-year follow-up study of docosahexaenoic (DHA) supplementation in pregnancy, those women randomized to DHA reported *higher* behavioral problems and executive dysfunction in their children.([@R16], [@R80]) Further studies are needed to determine the impact of these micronutrients on autonomic development, as well as the dosage needed, and whether they should be incorporated into current nutritional recommendations for pregnant women to improve neuropsychological health in their offspring.

Neonatal nutrition also plays an important role in supporting ANS development. The physical act of being held to breastfeed improves an infant's social development likely through the visual, olfactory, and sensory experience, but also by early ability to regulate the feeding by controlling flow of milk and feeding duration.([@R81]) The feeding experience in turn supports strengthening of the vagal complex to regulate state by social engagement.([@R2]) The nutrient component of the milk/formula is also important. Preterm newborns fed-nutrient enriched specialized formula, showed better social maturity and motor function at 18 months of age, compared to those fed a standard term newborn formula.([@R82]) It is these early nutritional observations that were the basis for implicating altered programming as a cause of long-term neuropsychiatric and health disorders in children.([@R48], [@R83])

Long-Term Outcome Related to ANS Dysmaturation {#S11}
----------------------------------------------

The preschool years represent a critical time period for the development of the neurotransmitter systems (noradrenergic, serotonergic, dopaminergic) that are important for behavioral control.([@R41]) Follow-up studies of HRV analysis in ex-premature newborns show differing findings depending upon the age at which children are studied. In a study evaluating early child ANS activity in preterm newborns compared to term newborns, the initial lower ANS activity seen in preterm newborns at term gestational age, resolved by two-years of age.([@R84]) Possible explanations for this include excessive early sympathetic tone in premature newborns due to high stress associated with prematurity, sensory stimulation in the NICU, inadequate nutrition, ventilation, and prenatal exposures to tobacco.([@R84]) Parasympathetic tone seems to mature long after birth in premature newborns and by two years of age may "*pseudo*-normalize".([@R84])

Differences in ANS function may be more easily identified in older children. In a study of ex-preterm adolescents compared to ex-term born adolescents, preterm adolescents had lower autonomic tone and longer heart rate recovery following exercise compared to term-born adolescents showing a prolonged autonomic dysfunction due to prematurity.([@R56]) It has also been shown that adults born preterm are more likely to develop cardiovascular disease at an earlier age([@R85]) and have an increased risk for death in middle age from cardiovascular disease compared to adults born at term.([@R86])

Interventions to Support ANS Development and Improve Neuropsychiatric Outcome {#S12}
-----------------------------------------------------------------------------

Given the complexity and multifactorial nature of neuropsychiatric disorders in children, there is not a universal intervention which would dramatically reduce the incidence of these disorders. There are, however, interventions which may promote autonomic development.([@R57], [@R87], [@R88]) As discussed throughout, an intimate mother-infant connection plays an important role in the developing neuropsychological phenotype of the infant. Consequently, any intervention aimed at supporting autonomic development of the infant needs to include measures that promote the mental and physical health of the mother, beginning in the prenatal period. Potentially modifiable factors include nutrition, environment, and psychological well-being.

Pregnant women should have optimal nutrition, which goes beyond a prenatal multivitamin. In future, prenatal assessment for micronutrient deficiencies may inform supplementation that decreases the risk of adverse autonomic and neuropsychological outcomes.([@R16]) Stress in pregnancy may increase the risk for preterm birth; therefore, addressing prenatal toxic stress may have the additional effect of improving autonomic-limbic regulation through a reduction in the incidence of prematurity.([@R68]) Strategies for reducing prenatal stress effectively may therefore improve ANS and limbic system development in infants. For example, mindfulness-based meditation has been shown to help reduce stress in mothers of premature children, and has a beneficial effect on infant brain development.([@R14])

Fortunately, the prolonged critical period for ANS development (which increases its vulnerability), also extends the window during which developmental plasticity may be exploited to promote recovery and optimize normal/improved ANS development in early infancy. Such interventions may be relatively simple, including changes in caregiving and the nursery environment.([@R88]) For example, skin-to-skin contact with kangaroo care in premature newborns improves vagal tone and autonomic functioning into childhood.([@R66], [@R89]) Infants randomized to maternal singing during kangaroo care compared to kangaroo care without singing, showed even greater improvements in autonomic regulation.([@R90]) As a secondary benefit, maternal anxiety was reduced,([@R90]) again supporting the connection between the mother and baby. Infants are born knowing their mothers voice,([@R91]) so it is not surprising for maternal voice to have an effect on autonomic regulation. Even in preterm newborns, maternal voice lowers heart rate during care and promotes infant relaxation.([@R92]) Pacifier use in preterm newborns also modifies ANS tone and improves infant blood pressure and heart rate.([@R87]) However, the potential long-term benefit of pacifier use in promoting ANS development remains unknown.

After NICU discharge, interventions for the mother and young child during infancy may improve neuropsychiatric outcome. Child psychosocial interventions can be successful in prevention of ADHD and conduct disorder in vulnerable children with heritable risk.([@R41]) At preschool age, interventions aimed at improving parenting responses may help children better regulate emotion and executive function skills at older ages.([@R41])

Conclusion {#S13}
==========

Maternal factors, epigenetics, and the intrauterine milieu as well as the early postnatal experience all shape the developing ANS and limbic system. Dysfunction or dysmaturation of these systems are implicated in the subsequent development of neuropsychiatric disorders in childhood. To address the high and increasing prevalence of these disorders in children, a careful review of strategies to promote normal development of the ANS under adverse conditions such as prematurity is clearly indicated. Improved support of the mother, fetus, and infant by means of stress reduction, nutrition, and environmental improvements, may improve the ANS-mediated pathways associated with mental health in children and improve their long-term outcome. Further studies are needed to guide clinical and environmental management of the sick newborn with the goal of enhancing ANS development.
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![Factors Influencing Autonomic Nervous System (ANS) Development\
Multiple factors influence autonomic nervous system development during the preconceptional and fetal periods, as well as during infancy and childhood. Acting through developmental plasticity of the limbic system these factors may influence the development of neuropsychiatric disorders in childhood.](nihms-1503435-f0001){#F1}

![Anatomy of the Central Autonomic Nervous System (ANS) and Limbic System Connections\
Together, the limbic and brain stem ANS centers regulate emotional, learned, and physiological body responses to the environment. The limbic system includes the amygdala, thalamus, fornix, hippocampus, hypothalamus, and cingulate gyrus. Parasympathetic tone and vagal activity is generated from the dorsal motor nucleus of the vagus (DMV) and from the nucleus ambiguus (NA). The nucleus of the solitary tract (NTS) is an important brainstem ANS center with both sympathetic and parasympathetic system functions. It receives peripheral afferent input from peripheral chemoreceptors and pulmonary mechanoreceptors to control cardiovascular and respiratory system functions. A behavioral response or stress triggers the limbic system to affect ANS tone which results in physiologic effects on heart rate, respiratory rate, and blood pressure.](nihms-1503435-f0002){#F2}
